ber of known cadherins in the brain (Wu and Maniatis,
1999). The structure of this gene locus also suggests the
Furthermore, it was anticipated that for homophilic cadherins to fit the profile of synaptic adhesion molepossibility that novel control mechanisms over cadherin expression may exist.
cules, it would be necessary for a single neuron to express multiple cadherins distributed uniquely at discrete The binding specificities of the well-characterized cadherins are homophilic; that is, a cell expressing a synaptic loci. Although cadherins were detected in nervous tissue cadherin molecule of type X will adhere to another cell expressing cadherin X but not to a cell expressing cadas early as 1986, their broad synaptic localization remained elusive until high-resolution light-level imaging herin Y. For some combinations of cadherins, it can be shown that mild heterophilic affinities can be measured, and ultrastructural methods were applied to the problem (Fannon and Colman, 1996; Uchida et al., 1996) . It is now but homophilicity is still preferred. The adhesive diversity of cadherins makes them ideally qualified to function clear that different cadherins appear in distinct cortical "stripes" in the cerebellum where they are related to as specifiers of synaptic adhesion. Until recently, about 30 unique cadherins were known. The first groups of topographic projections to the deep nuclei (Arndt et al., 1998) . N-cadherin, in addition to other distributions and cadherins that were discovered included N-(neural), E-(epithelial), P-(placental), and R-(retinal) cadherins. All functions, is proposed to mediate synaptic adhesion of the thalamocortical projections representing the facial have homologous primary sequences and a similar domain structure. They are single-pass type I transmemvibrissae to the barrel field (Huntley and Benson, 1999) . Most intriguing, we think, is that in hippocampal cultures brane proteins, characterized by a highly conserved cytoplasmic domain of ‫002ف‬ amino acids and a distinctive N-cadherin first appears at all synapses but rapidly becomes segregated to excitatory glutamatergic synaptic sequence motif of ‫011ف‬ amino acids that is repeated five times (domains EC1-EC5) in their extracellular segments endings (Benson and Tanaka, 1998) . In both of these latter studies, the persistence of ␤-catenin at synapses (Shapiro et al., 1995 to function in cell-cell (rather than cell-matrix) adhesion. intronic sequences in the first "protocadherin" were lost Also, a Drosophila learning mutant, volado, has been over the course of evolution to yield a single, large, traced to an integrin mutation (Grotewiel et al., 1998), unique exon that was extensively duplicated. These mulsuggesting that this mutation may have direct synaptic tiple large exons were found by Wu and Maniatis (1999) effects. to be arrayed in tandem on the chromosome. To generWhat might be the functional implications of the reate mRNA transcripts, one of these "variable" 5Ј exons markable genomic organization of the protocadherins must be joined-in some way-to a conserved cytouncovered by Wu and Maniatis? As suggested above, plasmic domain encoded by three "constant" exons at consolidation of these protocadherin genes in one rethe 3Ј end of each. Each gene cluster encodes a characgion of a chromosome provides the potential for a centeristic "constant" cytoplasmic region, which separates tral control mechanism for their expression. In this the resulting proteins into three distinct families (Pcdh␣, arrangement, the ectodomains are evolving their speciPcdh␤, Pcdh␥). In total, 52 cadherin genes are arranged ficities separately from the cytoplasmic domain, which in this novel gene locus, each cluster encoding more remains true to its common function for all ectodomains than a dozen protocadherins. While it is still uncertain to which it is joined. The nearly perfect conservation of how joining of the variable and constant regions is acthe constant cytoplasmic exons between mouse and complished (e.g., cis or trans splicing, or recombinahuman is evidence for evolutionary pressure to keep tion-this will be an extraordinarily interesting problem this domain very stable. In a conventional gene arrangeto resolve), this unique gene structure argues for a cenment, a large number of complete genes would be tralized control mechanism for the expression of these needed to encode the different extracellular adhesive cadherins. Furthermore, cadherin genes syntenic with specificities, and each gene would of course contain those identified by Wu and Maniatis (1999) have been those exons encoding the conserved cytoplasmic dofound in mouse, so the unique organization of this gene main. The common cytoplasmic elements would be replocus is likely to be conserved in other animals as well.
resented, then, multiple times throughout the genome. Despite the structural similarity to the antibody and The novel and tightly integrated arrangement of the T cell receptor loci, and the use of the terms "variable" newly described protocadherin locus "streamlines" the and "constant," there is no evidence at present for the conventional gene organization and may minimize pogeneration of combinatorial specificities in these cadtentially disadvantageous homologous recombination. herins, as there is in the immune system. Rather, individIt will be of great interest to identify all the intracellular ual adhesive specificities appear to be encoded in the binding partners of these conserved cytoplasmic segsingle large exons, each comprising an entire extracelluments, since they differ so markedly from their cateninlar domain. Thus, even if other similarly arranged cadbinding counterparts in the classical cadherins. herin loci are found, the CNR/protocadherins will not Although there may be several adhesion mechanisms provide "millions" of adhesive specifities but rather operative at the synapse that almost certainly involve could number 100 or more. But, for close range interacmembers of other adhesion protein families, it is now tions, and with their surface display controlled by intraclear that our broad knowledge of the cadherins procellular sorting and precise targeting to neuronal plasma vides a springboard for framing new and reframing old membrane subdomains, this number would suffice.
problems of profound importance to molecular neuroCombinatorial specification in nervous tissue may be science. Will topographic patterns of different adhesive achieved by the spatial and temporal interplay between molecules be found that delineate neural systems, like multiple guidance systems. the olfactory and retinotectal systems? Will we find that Implications for a Synaptic Adhesive Code the identity of synaptic adhesion molecules correlates There are now, conservatively, at least 80 cadherins with the type of neurotransmitter receptor at a particular likely to be expressed in nervous tissue. These can be synapse? Do morphogen gradients progressively regrouped into two broad categories: the classical cadherstrict or activate the set of adhesion molecules that are ins and the CNR/protocadherins. There is already data expressed on the neurite surface as the target nears? showing that certain protocadherins are homophilically How many specifiers of adhesivity are expressed on a adhesive (Obata et al., 1995) and have a synaptic localsingle neuron's surface, and what is the distribution ization. Whether this is the full extent of their in vivo pattern of these adhesion molecules with respect to the thousands of synapses this neuron may form? Answers binding preference remains unclear. One of the notable to these and related questions must yield a new and integrated view of synaptic adhesion and synaptic function, and the factors affecting their interrelationship, essential for a complete understanding of the molecular mechanisms underlying both the formation of nerve connections and the physiology of the mature synapse.
